SUMMARY Most of the thallium uptake by canine iliac arteries (70%) was inhibited by ouabain. The component sensitive to ouabain was significantly increased by incubating tissues in K + -free solution and reduced by low temperatures, metabolic inhibitors, and loading with lithium. The apparent Km for thallium for the ouabain-sensitive uptake was 0.47 ± 0.046 inM. External K + inhibited thallium uptake and the apparent K, was estimated to be 6.5 mM. Thallium thus appears to have a greater affinity for the ouabain-sensitive components. The residual component of thallium uptake was unaffected by maneuvers that affected the ouabain-sensitive uptake, which thus appears to be a suitable indicator of Na + pump activity in vascular smooth muscle. (Hypertension 5: 436-441, 1983) KEY WORDS • sodium pump • ouabain • vascular smooth muscle • potassium T HE present study was designed to evaluate the suitability of using the uptake of 204 Tl + as a measure of the activity of the Na + pump in vascular smooth muscle. We were particularly interested in determining whether: 1) a significant fraction of Tl + uptake was sensitive to ouabain; 2) the ouabain sensitive uptake of Tl + was affected in a predictable manner by maneuvers known to affect the activity of the Na + pump; and 3) Tl + had an affinity for the Na + pump that was higher than K + . In a number of systems, Tl + , a group III cation, can substitute for K + in a variety of enzymatic reactions. Thus, among others, it substitutes for K + in the activation of K + -dependent ouabain-sensitive p-nitrophenylphosphatase in rat myometrium 1 and in the hydrolytic reaction of the K + H + -ATPase from hog gastric mucosa.
SUMMARY Most of the thallium uptake by canine iliac arteries (70%) was inhibited by ouabain. The component sensitive to ouabain was significantly increased by incubating tissues in K + -free solution and reduced by low temperatures, metabolic inhibitors, and loading with lithium. The apparent Km for thallium for the ouabain-sensitive uptake was 0.47 ± 0.046 inM. External K + inhibited thallium uptake and the apparent K, was estimated to be 6.5 mM. Thallium thus appears to have a greater affinity for the ouabain-sensitive components. The residual component of thallium uptake was unaffected by maneuvers that affected the ouabain-sensitive uptake, which thus appears to be a suitable indicator of Na + pump activity in vascular smooth muscle. (Hypertension 5: 436-441, 1983) KEY WORDS • sodium pump • ouabain • vascular smooth muscle • potassium T HE present study was designed to evaluate the suitability of using the uptake of 204 Tl + as a measure of the activity of the Na + pump in vascular smooth muscle. We were particularly interested in determining whether: 1) a significant fraction of Tl + uptake was sensitive to ouabain; 2) the ouabain sensitive uptake of Tl + was affected in a predictable manner by maneuvers known to affect the activity of the Na + pump; and 3) Tl + had an affinity for the Na + pump that was higher than K + . In a number of systems, Tl + , a group III cation, can substitute for K + in a variety of enzymatic reactions. Thus, among others, it substitutes for K + in the activation of K + -dependent ouabain-sensitive p-nitrophenylphosphatase in rat myometrium 1 and in the hydrolytic reaction of the K + H + -ATPase from hog gastric mucosa. 2 There are several possible pathways by which Tl + can enter cells. In mitochondria, it distributes passively across the membrane 3 but attempts to use it to meas-ure membrane potential differences in bacteria 4 were complicated by the existence of an additional transport pathway linked to a K + carrier. Thus in starved, valinomycin-treated cells of Streptococcus lactis 1961, Tl + distributed passively in response to a K + diffusion potential, but in glucose-energized cells, Tl + was taken up by a system specifically stimulated by Na + salts and inhibited by K + . Although in erythrocytes, the cation distributes across the membrane in relation to membrane potential, a ouabain-sensitive uptake of Tl + has been demonstrated. 5 But the flux of Tl + via lipid pathways appeared to exceed the capacity of the pump. In rabbit myometrium, on the other hand, a significant fraction of Tl + uptake, occurs in a ouabain sensitive pathway, 6 although a furosemide sensitive pathway also exists. Since Tl + can be transported by several different pathways, it was necessary to determine whether a significant fraction of the uptake in vascular smooth muscle was inhibited by ouabain before considering its possible use as a measure of pump activity.
In other systems, Tl + has a greater affinity than K + , both for the activation of enzymes as well as for K + transport systems (see ref. 6 for a list). A high affinity of Tl + for the sodium pump in arteries might make it a valuable probe of pump activity since the concentration of the cation in the external solution and hence in the extracellular space could be substantially reduced. This would enhance the signal-to-noise ratio and combined with the long-half life of 204 Tl + (3.8 years) may make the ouabain-sensitive uptake of Tl + a useful measure of Na + pump activity in vascular smooth muscle. Since changes in Na-pump activity of vascular smooth muscle have been postulated to occur in and be causally related to hypertension, it is essential to have a valid method for assessment of pump activity in this tissue. This information is not available to date.
In this study, then, we determined whether a major fraction of Tl + uptake was sensitive to ouabain and whether the ouabain-sensitive component was influenced by measures known to affect the activity of the Na + pump.
Materials and Methods Dogs, of either sex, were anesthetized by intravenous injection of sodium pentobarbital (100 mg/kg body weight). The abdomen was rapidly opened, the iliac arteries quickly excised and dropped into warm oxygenated normal solution (i.e., solutions containing K + ). The arteries were then dissected free of loose connective tissue and adventitia, and rings (approximately 8-10 mg wet weight) were cut; usually 40 to 50 pieces would be obtained from a single dog. Preliminary experiments showed that cutting open the arteries and removing the endothelium did not significantly affect the uptake of thallium; however, the pieces curled up which made blotting difficult. Therefore, as a routine, rings of arterial tissue cleared of adventitia, but retaining their endothelium, were incubated at 37°C for 2 hours in normal solution (see below) and bubbled continuously with 95% O 2 /5% CO 2 . At the end of the incubation period, the tissues were transferred to K + -free solution for 2 hours. During this period, several changes of solution were made and gassing continued. After the 2 hour pre-incubation in K + free solution, the rings were transferred to 15 ml of incubation media containing 2O4 T1
+ . The concentration of cold thallous chloride was usually 0.5-5.0 mM. After incubation with the isotope, the tissues were quickly removed, blotted carefully and dropped into preweighed scintillation vials and wet weights taken. Usually 4-6 pieces were incubated together so as to give several replicates for analysis. The weighed tissues were dissolved by adding 1 ml protosol and heated for 24 to 48 hours in an air oven at 70°C. The vials were removed, cooled and 100 /u.1 of glacial acetic acid added to each followed by 10 ml aquasol. Aliquots of the incubation medium (50 fx\) were taken and processed to estimate total added counts. The vials were counted in a Beckman liquid scintillation counter and the uptake of thallium expressed as /iimoles/g wet weight, calculated from cpm/g cpm/mole thallium
Solutions
The normal solution used had the following composition (mM): NaCl 116, KC1 4.6, NaH 2 PO 4 s cpm/ml. The uptake of thallium was calculated as shown above.
Sources
Thallous chloride was bought from BDH, ouabain from Sigma, 204 Tl 2 SO 4 from Amersham, protosol and aquasol from New England Nuclear. All other reagents were analar grade. Dogs were obtained from the SIMCO pound and kept in the Animal Quarters until they were used.
Results
The uptake of 2O4 T1 was studied in arterial rings incubated in K + -free solution to slow or inhibit the Na + pump and enhance Tl + uptake. In the experiment shown in figure 1 tissues from two dogs were incubated in K + -free solutions for 2 hours before being transferred to media containing the isotope. The tissues tookupTl + from the incubation medium, and a significant fraction was sensitive to ouabain. The uptake was linear for 20 minutes and then leveled off. The ouabain-sensitive component, shown in the inset, was also linear for 20 minutes, and in all subsequent experiments we measured the uptake after 20 minutes of exposure to the isotope.
To determine whether the 2-hour exposure to K + -free solution was optimal, the following experiment was done. The duration of exposure to K + -free solutions was varied up to 3 hours and the uptake of Tl + measured. The values for zero duration of K-free exposure were obtained by removing pieces after a 2-hour incubation in normal K + -containing solution, rinsing them quickly (15 seconds) in K + -free solution to remove superficially adherent K + and dropping them into media containing Tl + . The ouabain-sensitive uptake of Tl increased with the duration of exposure to K + -free solution. After a 50-minute preincubation in K + -free solution, the ouabain-sensitive uptake doubled increasing from 1.94 ± 0.14 mol-g" 1 to 3.9 ± 0.034 mol-g" 1 and changed very little subsequently being 4.23 ± 0.36 mol-g-' after 3 hours. In all subsequent experiments, however, tissues were preincubated for 2 hours in K + -free Krebs. The ouabain-insensitive component was not significantly affected by exposure to K + -free solutions. To determine whether the concentration of ouabain (10~5 M) used was optimal, the effect of varying concentrations of ouabain on the uptake of thallium were studied. As shown in figure 2 , the uptake process is very sensitive to ouabain, a 50% inhibition being produced by 3.2 x 10" 7 M ouabain. In most experiments, ouabain was used in a concentration of 10" 5 M, the exceptions are stated. It is important to note that even with the highest concentration of ouabain (10" 4 M) used, about 20% of the uptake was unaffected. If this residual uptake is taken into account, then the concentration of ouabain for 50% inhibition is significantly reduced to 1.5 x 10" 7 M. The effect of increasing concentrations of cold thallium on the uptake of thallium in a representative experiment is shown in figure 3 . As explained earlier (Methods) concentrations of thallium chloride greater than 5 mM could not be used. However, it is clear that the ouabain-sensitive uptake of thallium is saturable. Using data obtained from 6 dogs, we have estimated that the apparent Km is 0.47 ± 0.046 mM.
The presence of external K + in the medium markedly inhibited the uptake of thallium (figure 4). The uptake in the presence of a high concentration of ouabain (10~3 mM) was not markedly different whether K + was absent or present in a high concentration (50 mM). The total uptake in the presence of high K + was not significantly different from that observed in the presence of ouabain. If the uptake in the presence of I0" 3 M ouabain is taken as a residual and subtracted, it is clear that K + drastically reduces thallium uptake, the concentration required to inhibit 50% of the uptake being approximately 6.5 mM. In these experiments, thallium was kept constant at 0.5 mM, which is close to the apparent Km calculated. It is thus evident that thallium has a greater affinity for the ouabain sensitive transport than K + . It was anticipated that when Na + was either partially or totally replaced by Li + which cannot function as a Na + substitute in the pump the ouabain-sensitive uptake would be significantly reduced. The effect of replacing internal Na + with Li + on the uptake of Tl + was studied by loading tissues with lithium (i.e., pre-incubated in K + -free solution containing Li + for 2 hours at 37°C prior to exposure to the isotope). In the same experiment, tissues were preincubated also in K + -free solution as well as normal K + containing solution. Thus, there were three groups of tissues -those that were Na + -enriched (control), those with a "normal" content of Na + , and those that had been depleted of Na + . As expected, the ouabain-sensitive thallium uptake was highest in the control (i.e., Na + -rich) tissues, intermediate in those with "normal" Na + and virtually abolished in lithium loaded tissues (see table 1 A). 8 The influence of metabolism on the uptake of thallium was studied using metabolic inhibitors. It was found that removal of glucose did not significantly alter the ouabain-sensitive uptake of thallium. DNP (1 mM) and IAA (1 mM) reduced uptake by 41%, and 46% respectively; when both were added together, the inhibition was virtually complete. Lowering the temperature reduced the ouabain-sensitive uptake to negligible levels. These results are shown in table 1 B.
Discussion
The purpose of the present study was to evaluate the suitability of using the uptake of Tl + to study the activity of the Na + pump in vascular smooth muscle. We have shown that a significant fraction of the thallium taken up is inhibited by ouabain in concentrations comparable to those required to inhibit the Na + pump in other tissues. The ouabain-sensitive thallium uptake is: 1) sensitive to temperature; 2) reduced by metabolic inhibitors; and 3) inhibited by increasing the K + concentration in the incubation medium. Also, loading the tissues with Li + rather than Na + virtually eliminated the ouabain-sensitive uptake of thallium. Tissues incubated in K + -containing solutions took up significantly less thallium than those incubated in K + -free solutions. The latter treatment would have rendered the tissues Na + rich. Thus, internal Na + appears to regulate the ouabain-sensitive uptake of thallium. All these features suggest that the ouabain-sensitive thallium uptake is closely linked to the operation of a sodium pump. 9 The affinity of thallium for the ouabain-sensitive uptake process was calculated to be 0.47 ± 0.046 mM. K + significantly inhibited the uptake of thallium. When the concentration of thallium was kept fixed at 0.5 mM (the Km for Tl + ) the concentration of K + required to inhibit 50% of the uptake was 6.5 mM. Under such conditions, the ID 50 is roughly equivalent to apparent Ki and this suggests that the affinity of Tl + for the ouabain-sensitive transport system is greater than that of K + . Similar observations have been made on other systems. Rb to assess the activity of the Na + pump."-l2 In this procedure, the "specific" uptake of the isotope, which is the difference between uptake without and with ouabain, is taken as a measure of the activity of the Na + pump. In principle then, it is similar to the procedure reported here.
However, one possible problem with the rubidium (as well as with the thallium) method must be mentioned. In a variety of smooth muscles, the Na + pump is electrogenic.
13 "' 7 When Na + -loaded tissues are exposed to K + , the pump is turned on and there is a hyperpolarization of variable magnitude and duration, which could augment the passive influx of rubidium or thallium. Since the pump and the consequent hyperpolarization are inhibited by ouabain, it is likely that the extra influx would also be reduced. Thus, the ouabainsensitive uptake includes a contribution from the augmented passive influx during the early phases of recovery. The contribution of this passive component would be most evident during the early phase and be less significant as the tissues continue to extrude Na + and accumulate Tl + (in lieu of K + ). However, the ouabainsensitive uptake we have measured is linear between 5 and 20 minutes; it is possible then that the passive component ceases to make a significant contribution to the measured uptake after 5 minutes. To evaluate the extent of that passive component, a more detailed kinetic analysis would be necessary. 15 -16 We contend that the method described here has considerable potential. First, we have shown that the ouabain-sensitive uptake of Tl + is influenced in a predictable manner by variables known to either the activity of the Na + pump and is thus a valid measure of pump activity. Second, Tl + has been shown to have a higher affinity for the pump than K + (the estimated K m for Tl + and K + being 0.5 mM and 6.5 mM respectively). The second point has important practical consequences which will be discussed below.
Proper evaluation of pump activity requires the use of substrates in concentrations that are close to or greater than the estimated values of Km. This means that if Tl + were to be used as a substrate, the concentration of external Tl + should be in the order of 1 mM and comparable concentrations of K + or Rb + would be close to 12-13 mM. When Tl + was used in a concen-tration of 1 mM, the total uptake (at the end of 20 min) was 8 /Limol-g-'. Assuming that the extracellular space is 50% of tissue weight, the concentration of Tl + in the extracellular space would be 0.5 ju.mol-g~' wet wt and net uptake would be 7.5^tmol-g"' wet wt. If K + instead of Tl + is to be used as a measure of pump activity, the external concentrations should be in the order of 12-13 mM (or twice the estimated Km). Under such conditions, the net uptake should be comparable to that observed with Tl + (i.e., 7.5 /umol-g-'). The Km for Rb + is unknown but believed to be comparable to that of K + in vascular smooth muscle, so comparable values apply. Thus the amount of the ion at the extracellular space would be 6.0 Atmol-g" 1 wet wt and the total uptake be 13.5^mol-g"' wet wt for these 2 ions. Using the figure given above, one can estimate the signal (net cellular uptake) to noise (extracellular contents) ratios with Tl + and K + , Rb as follows: Tl + (7.5/0. In conclusion, then, the ouabain-sensitive uptake of Tl + is a valid measure of the activity of the Na + pump. The long half-life of Tl (3.8 yrs) and its higher affinity for the Na + pump are of distinct advantage in using it as a probe for the Na + pump in smooth muscle. Other procedures for measuring Na + pump activity in vascular smooth muscle should be similarly tested and evaluated before use.
